Introduction
Although there are now hundreds of 13-vertex MC 2 B 10 metallacarboranes whose origin can be traced to Hawthorne's original synthesis of 4-Cp-4,1,6-closo-CoC 2 B 10 H 12 , 1 there are very few 14-vertex analogues. 2 The expected shape 3 of a closo 14-vertex heteroborane with 15 skeletal electron pairs is the bicapped hexagonal antiprism, shown together with its numbering scheme in Fig. 1a . It was Hawthorne, again, who prepared the first examples of 14-vertex metallacarboranes by reduction and subsequent metallation of 13-vertex MC 2 B 10 precursors. 4 Expansion of 4-Cp-4,1,12-closo-CoC 2 B 10 H 12 afforded 1,14-Cp 2 -1,14,2,10-closo-Co 2 C 2 B 10 H 12 , whose spectroscopically-presumed structure was recently confirmed crystallographically. 5 Similarly, reduction and metallation of 4-( p-cymene)-4,1,12-closoRuC 2 B 10 H 12 ( p-cymene = η-C 6 H 4 Me i Pr-1,4) afforded both homo-and heterobimetallic M 2 C 2 B 10 species, again with 1,14,2,10-MC 2 B 10 architectures. 6 Hawthorne also expanded 4-Cp-4,1,8-closo-CoC 2 B 10 H 12 4 and we recently established that the product here is the 1,14,2,9-closo-Co 2 C 2 B 10 isomer. 5 In an alternative approach, Grimes and co-workers reacted [Me 4 in all the above examples of bicapped hexagonal antiprismatic M 2 C 2 B 10 metallacarboranes both metal atoms occupy degree-6 vertices (vertices 1 and 14 of Fig. 1a ) in which they have maximum interaction with other cage atoms, consistent with the relatively diffuse nature of the frontier orbitals of transition metals compared to those of boron and especially carbon. 8 14-vertex MC 2 B 11 species are also known. Reduction and subsequent metallation (with {( p-cymene)Ru 2+ }) of the 13-vertex tethered carborane 1,2-μ-(CH 2 ) 3 -1,2-closo-C 2 B 11 H 11 afforded the first such species in two isomeric forms, 1,2,3-RuC 2 B 11 and 1,2,8-RuC 2 B 11 , 9 whilst a 1,2,9-RuC 2 B 11 species was later prepared by reduction and metallation of a tetherfree carborane. 10 Note that in these compounds the single metal atom is again located at a degree-6 vertex. The only known exceptions to this rule are two 8,2,3-NiC 2 B 11 compounds afforded by treatment of [μ-(CH 2 ) 3 -C 2 B 11 H 11 ] 2− with {nickel(chelating diphosphine) 2+ } fragments.
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In the present study we report the synthesis and structural characterisation of six bicapped hexagonal antiprismatic Co 2 C 2 B 10 species in which one metal atom is in the degree-6 vertex 1 but, uniquely, the other is in a degree-5 site on the lower hexagonal belt (vertex 8 or 13, dependent on the C atom positions). We present evidence which suggests that these compounds are not formed by 2-e reduction and metallation of 13-vertex CoC 2 B 10 species (although in some cases they were first isolated from reactions in which this was the intention) rather that they may arise as the result of direct electrophilic attack by a metal fragment cation on a [CoC 2 B 10 ] − monoanion.
Crucial to rationalising their synthesis is the identification of the correct positions of the cage C atoms in the crystallographically-determined structures (in no cases do the C atoms carry exo-polyhedral substituents other than H) and for this we have used both the recently reported vertex-tocentroid distance (VCD) method 12 and a complementary approach, the boron-H distance (BHD) method which we first communicated in 2002 13 but for which we now provide more detail. part of which involved exposure of the reagents to EtOH. Although we never had sufficient amounts of 2 for NMR spectroscopy we were able to obtain a mass spectrum revealing a molecular ion consistent with the formula (CpCo) 2 C 2 B 10 H 11 (OEt) and we were fortunate to grow a few single crystals of the compound.
Results and discussion
Crystallographic studies -identification of the cage C atoms Compounds 1-6 were studied by single-crystal X-ray diffraction. These studies establish that in all cases the heteroborane cage has a (distorted) bicapped hexagonal antiprismatic shape with one Co atom in a degree-6 (capping) site and the other at a degree-5 vertex in the hexagonal belt distant from the degree-6 metal. Consistent with empirical electron counting rules 3 (15 skeletal electron pairs for these 14-vertex closo clusters) and fully in agreement with the spectroscopic data described above, 1 and 3-6 are all formulated as (CpCo) 2 C 2 B 10 H 12 , whilst 2 is the compound (CpCo) 2 C 2 B 10 H 11 (OEt). However, to establish the precise identities of compounds 1-6 it is essential that the positions of the cage C atoms are correctly identified, and for this we first made use of the vertex-to-centroid distance (VCD) method that we recently described. 12 Initially cage vertices were numbered according to Fig. 1a such that the Co atoms are at vertices 1 and 13. All other cage atoms were assumed to be B, and the structures were refined to convergence (including free refinement of cage H atoms). Using OLEX2 21 the cage centroid was calculated only from vertices 2,4,5,7,8,9,11 and 12, as shown in Fig. 1b . We omit the metal at vertex 1 and, for balance, the antipodal atom at vertex 14, to avoid compromising the centroid calculation. We also omit the metal at vertex 13 but, because the bicapped hexagonal antiprism does not contain a centre of inversion, we also omit vertex 10 (opposite 13 on the lower hexagonal belt) and, for balance, vertices 3 and 6 from the upper belt. Table 2 lists the VCDs for compounds 1-6. The shortest VCDs are those from vertex 14 but this is exceedingly unlikely to be the correct site of a cage C atom because the vertex is of degree-6.
8 These VCDs are artificially short because vertex 14 is pulled up towards the cage centroid simply by virtue of it capping a six atom face. 22 Notice that VCDs from the degree-6
Co atom at vertex 1 are consistently 0.3 Å shorter than those from the degree-5 Co atom at vertex 13 for the same reason. Ignoring, then, the VCDs from vertex 14, the two shortest VCDs are taken to be those from the cage C atoms, thus identifying the C atoms as being at vertices 2 & 10 (compound 1), 2 & 11 (2), 2 & 9 (3), 2 & 6 (4), 2 & 4 (5) and 2 & 5 (6) . In all cases except for compound 1 the two VCDs from the C atoms are at least 0.025 Å shorter than all VCDs from B atoms. However the situation is less clear in the case of 1 with VCDs from vertices 9 and 11 being close to that from vertex 2. Hence we have sought additional structural evidence for the cage C atom locations.
In 2002 we described an early alternative method of distinguishing between cage B and cage C atoms in (hetero)-carboranes, the B-H distance (BHD) method whereby we examined the vertex-H distances following refinement of all cage C or B atoms as B. 13 Under crystallographic refinement an H atom bonded to a vertex at which insufficient electron density B pattern from high frequency to low frequency. 
1.895 (6 a Vertex numbers (left column) refer to the model before the C atoms were assigned; u̲ n̲ d̲ e̲ r̲ l̲ i̲ n̲ e̲ d̲ entries identify C vertices; atom labels to the right of each entry are the final atom identifiers, shown in Fig. 2 -7.
has been specified will compensate by moving towards that vertex, affording an artificially short vertex-H bond. Thus short distances identify where in the cage the C atoms are. In Table 3 are the BHDs for compounds 1-6 calculated from such all-boron models (left hand entries). Whilst the true B-H distances are all around 1.1 Å, two distances in each structure are between 0.17(3) and 0.48(5) Å, and these identify exactly the same C atom positions as found by the VCD method in all compounds, including compound 1. The right hand entries are the vertex-H distances once the cage C atoms have been identified as such and refinement completed; note that in all cases the artificially short "B"-H distances lengthen to sensible values when "B" is properly described as C. In some respects the BHD method might appear to be superior to the VCD method (at least in the case of compound 1) but a drawback of the former is that it requires successful free crystallographic refinement of H atom positions, something which is not always practicable. Overall, we have always advocated a multi-modal approach to the problem of distinguishing cage B and cage C atoms in crystallographic studies of (hetero)carboranes, and for compounds 1-6 we can have complete confidence in the results from the VCD and the BHD methods since they are in perfect agreement with each other.
In this respect it is instructive to examine critically a third often-used method of C/B discrimination, that of using the refined (as B atoms) U eq values. The argument here is that if the model describes insufficient electron density at a vertex (i.e. the vertex is really C not B) crystallographic refinement will compensate by U eq being significantly smaller. In Table 4 we list the U eq values for vertices 2-12 and 14 in compounds 1-6. Only in the case of compound 4 are the two smallest U eq values correctly associated with the C atom positions. In compound 2 the U eq of vertex 7 is as small as that of vertex 11, and in all the other structures there are at least two U eq (B) smaller than one U eq (C). We have previously noted 12 the potential of adjacent heavy atoms to artificially suppress U eq (B) and we see several examples of this in Table 4 (note the consistently low values of U eq for B atoms at vertex 7, the other vertex in addition to vertex 2 that is bound to both metal vertices). Overall, we would argue strongly a̲ g̲ a̲ i̲ n̲ s̲ t̲ using U eq values to identify cage C atoms in (hetero)carboranes.
Having identified the cage C atoms by both the VCD and BHD methods the cages were renumbered according to accepted convention, 2 and this numbering is shown as the final column of Table 2 . Thus compounds 1-6 are correctly described as 1,13-Cp 2 -1,13,2,10-closo-Co 2 C 2 B 10 H 12 (1), 1,8-Cp 2 - (2) a For each structure the left hand entry is the vertex-H distance for the "all-B" model (where all non-metal vertices are assigned as B atoms); u̲ n̲ d̲ e̲ r̲ l̲ i̲ n̲ e̲ d̲ entries identify C vertices. The right hand entry is the vertex-H distance following assignment of the cage C atoms. a Vertex numbers (left column) refer to the model before the C atoms were assigned; u̲ n̲ d̲ e̲ r̲ l̲ i̲ n̲ e̲ d̲ entries indicate C vertices identified by the VCD and BHD methods. Italicised entries show U eq values for genuine B atoms that are ≤ those of atoms which are actually C.
3 (6) . Fig. 2-7 show perspective views of compounds 1-6, respectively, and Table 5 lists the lengths of the connectivities in the cobaltacarborane cages. The Co1-vertex distances span the range 2.08-2.19 Å, similar to that (2.13-2.19 Å) in a series of 1,14,2,9-and 1,14,2,10-MCoC 2 B 10 species (M = Ru or Co) we recently studied (five compounds and nine crystallographically independent Co atoms). 5 In contrast the Co-vertex distances from the degree-5 Co atom in 1-6 are more widely spread, spanning the range 1.96-2.28 Å. C-B and B-B distances involving only degree-5 atoms are in the ranges 1.64-1.72 and 1.71-1.81 Å which are perfectly normal. 12 However, distances to the degree-6 atom B14 are considerably longer, as expected, with B-B in the range 1.85-1.98 Å and three C-B distances of 1.844(11), 1.904(3) and 2.015(9) Å.
Mechanistic implications
It is rare to find transition metal atoms in degree-5 sites in bicapped hexagonal antiprismatic metallacarboranes. As already noted, the only currently known examples are the Ni atoms in two 8,1,2-NiC 2 B 11 species. 11 The Co8 and Co13 atoms (2) in compounds 1-6 represent further examples. We believe that the unexpected finding of these degree-5 Co atoms, coupled with the unambiguous location of the cage C atoms, allows comment on the possible mechanisms of formation of 1-6. Compounds 1 and 3 were both isolated from reactions in which 4,1,8-and 4,1,12-CoC 2 B 10 13-vertex cobaltacarboranes were treated firstly with large excess of Na and then with Na[Cp] and CoCl 2 . The sodium reduction would have been expected to open up the cobaltacarborane to generate a nido dianion with a 6-atom open face opposite the original metal atom which would then have been capitated by the second metal and, indeed, 1,14,2,9-and 1,14,2,10-Co 2 C 2 B 10 species, respectively, were formed in these reactions in significantly greater yields than were 1 and 3. Nevertheless, it remains possible that 1 and 3 were produced via reduction to an alternative nido intermediate with a 5-atom open face which was subsequently capitated. However, compounds 2, 4, 5 and 6 were produced from reactions that did not involve 2-e reduction and subsequent metallation of a 13-vertex CoC 2 B 10 precursor and we have ultimately also produced 1 not via 2-e reduction/metallation. We believe that the formation of compounds 1-6 may be rationalised instead by direct electrophilic insertion, and that the isomeric forms of the products are readily understood in terms of this process.
Direct electrophilic insertion, a term coined by Kudinov and co-workers, 23 involves the polyhedral expansion of an anionic closo metallacarborane by its reaction with a cationic metal fragment. It is a complement to direct nucleophilic insertion of zerovalent metal fragments into neutral closo carboranes and metallacarboranes developed by Stone, Green and co-workers several decades ago, 24 with both approaches offering interesting alternatives to the traditional method of polyhedral expansion via the two-stage approach of 2-e reduction followed by metallation. We illustrate the possibility of direct electrophilic insertion as the mechanism by which the present compounds are afforded with respect to compounds 4 and 5. We first isolated 4 and 5 as trace co-products in the synthesis of 4-Cp-4,1,6-closo-CoC − might be expected to lead to two products. Attack on the 1-2-9-11-5 pentagon of the 13-vertex precursor would result in a 1,13,2,9-Co 2 C 2 B 10 14-vertex species, and indeed 1,13-Cp 2 -1,13,2,9-closo-Co 2 C 2 B 10 H 12 , 3, was recovered as a minor co-product during the attempted 2-e reduction then metallation of 4-Cp-4,1,8-closo-CoC 2 B 10 H 12 . Alternatively attack on the 1-3-8-11-5 pentagon would lead to 1,8-Cp 2 -1,8,2,9-closo-Co 2 C 2 B 10 H 12 , but this has not so far been isolated. In Table 6 we summarise the expected products from direct electrophilic insertion of an {M′ + } fragment into anionic 
Conclusions
A series of six asymmetric, 14-vertex, (CpCo) 2 C 2 B 10 dicobaltacarboranes with bicapped hexagonal antiprismatic cage structures in which one metal atom is at the capping vertex 1 and the other is at a degree-5 vertex (8 or 13) in the distant hexagonal belt, have been isolated. The VCD and BHD methods have been used to distinguish between cage B and cage C atoms in the crystallographically-determined structures, both leading to the same clear conclusions and thus allowing the identities of these species to be established unambiguously. 28 The isomeric forms of the six compounds have been tentatively rationalised in terms of direct electrophilic insertion of a {CoCp + } fragment cation into a [CpCoC 2 B 10 ] − monoanion.
Experimental

Synthesis
Experiments were performed under dry, oxygen free N 2 , using standard Schlenk techniques, although subsequent manipulations were sometimes performed in the open laboratory. All solvents were freshly distilled under nitrogen from the appropriate drying agents immediately before use (CH 2 Cl 2 ; CaH 2 : THF and 40-60 petroleum ether; sodium wire) or were stored over 4 Å molecular sieves and were degassed (3 × freezepump-thaw cycles) before use. Preparative TLC employed 20 × 20 cm Kieselgel F 254 glass plates. NMR spectra at 400. 05 g, catalytic) . The resultant solution was transferred via cannula to a second Schlenk tube, cooled to 0°C, to which was then added Na[Cp] (3 mL of a 1 M solution, 3 mmol) and CoCl 2 (0.45 g, 3.5 mmol). The reaction mixture was allowed to warm to room temperature, stirred overnight, and then aerially oxidised for 1 h and filtered through silica eluting with CH 2 Cl 2 . The brown filtrate was concentrated in vacuo and purified by TLC using a 3 : 2 CH 2 Cl 2 : 40-60 petroleum ether eluent. A complex mixture of at least nine mobile bands were observed including, in order of elution, the following compounds; 4-Cp-4,1,12-closo-CoC 2 B 10 H 12 (starting material), 1,13-Cp 2 -1,13,2,10-closo-Co 2 C 2 B 10 H 12 (R f 0.68, brown, 0.012 g, 3.6%, 1), 3-Cp-3,1,2-closo-CoC 2 B 9 H 11 (identified spectroscopically 14 2 mmol) at 0°C. On work-up as above the brown product 1 was isolated following final TLC (3 : 2 CH 2 Cl 2 : 40-60 petroleum ether, R f 0.51) in low yield (ca. 5 mg, 1%) and identified spectroscopically.
Crystallography Diffraction-quality crystals of compounds 1-6 were grown by slow diffusion of a CH 2 Cl 2 solution of the appropriate compound and 40-60 petroleum ether at −30°C. Intensity data were collected on a Bruker X8 APEX2 diffractometer using Mo-K α X-radiation, with crystals mounted in inert oil on a cryoloop and cooled to 100 K by an Oxford Cryosystems Cryostream. Indexing, data collection and absorption correction were performed using the APEXII suite of programs. 30 The structures were solved by direct methods (SHELXS-97) and refined by full-matrix least-squares (SHELXL-97). 31 Cage vertices were numbered as in Fig. 1a with the two Co atoms at positions 1 and 13. Initially all non-metal cage vertices were treated a B atoms. An ethoxide group as identified attached to vertex 7 in compound 2. With free ( positional) refinement of cage H atoms all six structures were refined to convergence and the structures analysed by the VCD and BHD methods to locate the cage C atoms, as described in Results and discussion. Once this was done it was necessary to renumber some of the structures to concur with accepted convention. 2 Finally, all structures were refined to full convergence.
The refinements of structures 3, 4 and 5 were as two component twins, whilst all other structures were refined conventionally. Non-cage H atoms were set in idealised positions and allowed to ride on their bound C atom, with C-H = 1.00 Å (Cp), 0.99 Å (CH 2 ) or 0.98 Å (CH 2 ). All H displacement parameters, U iso , were constrained to be 1.2 × U eq (bound B or C) except Me H atoms [U iso (H) = 1.5 × U eq C(Me)]. Table 7 contains further experimental details. Compound 2 has an OEt group bound to one B atom and compound 4 co-crystallises with one molecule of CH 2 Cl 2 solvent, but 1, 3, 5 and 6 only differ in having the cage C atoms in different cage vertices. In that respect it is perhaps surprising that only two of these compounds, 1 and 6, are crystallographically isomorphous. Intermolecular contacts of possible significance are listed in the ESI, § but in essence all six compounds crystallise as individual molecules. 
